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Abstract 
Khartoum-Portsudan national highway represents the economic and commercial highway that link(s) Sudan capital with main cities in 
eastern Sudan such as Suakin and Bashair harbors passing through the Red Sea Hills. The highway crosses high ridge mountains of 
Alagaba sector. In this sector the highway consists of two roads that were constructed at different times (old road with 18Km length and 
new one is 25km. This study is aiming to assess the rockfall hazards along the new road and the ones correlated with the old one of 
Alagaba highway. The study is based on geological field observations and structural measurements. Field observations show that rock 
hazards such as rock fall and debris flow have occurred, in addition to plane and wedge failures that probably happened. From structural 
measurements and data analysis of the new road some suitable reinforcements are recommended such as benches, catch fences and 
meshes in the location of hazards to prevent the road from rock falls, debris flows and failures phenomena. 
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1. Introduction 
The highway systems along the mountain areas may suffer from 
unstable slopes that pose risks on a daily basis to the traveling 
public, transportation, infrastructure and environment. These 
may not be considered hazardous unless rocks enter the roadway 
(Chau et al., 2003; Chau et al., 2004). Although, the engineers 
are not aware of rock falls except when a particular event results 
in significant loss of convenience, property, or life. However, 
rock falls and debris flows represent one of the main natural 
geological hazards along highways in mountain areas. 
Red Sea Hills are rugged and covered an area of about 600km 
long and 120km width and it is highly dissected by numerous 
fractures in different directions. In Sudan region Khartoum-Port-
Sudan express road represents the main highway, which links 
capital of Sudan “Khartoum City” with Port-Sudan port passing 
through eastern cities e.g: Suakin, Bashair and Digna harbors 
(Fig. 1). The road passes through 18Km long of Alagaba sector, 
which is a part of the Red Sea hills. The elevation of Alagaba 
sector is about 780m above the sea level (Fig.2). The old road 
has been constructed since 1979 by Germen Company called 
STRAPAC. In the last years the Sudanese government 
constructed a new road with 25km length along Alagaba sector 
to reduce the route and traffic accidents. However, some geo-
hazards such as rockfalls are observed along the new road in 
comparison with the old road. 
No available detailed geotechnical investigations have been 
focused along Alagaba new road since its construction. Most of 
the previous investigations were mainly focused on the geology 
of the area (Vail 1988; El Nadi 1987; Abdel Salam and Stern 
1990; Abu Fatima 1992). However, the rock mass 
characterization such as the height of the rock slope, weathering 
style, presence of water if it is found, method and angle of cut 
face represent main factors that are controlling the behavior of 
rockfall hazards (Hoek 1977; Hudson and Harrison 1997; 
Budetta 2004; Ahmed and Norbert 2008). Therefore, this study 
aimed at assessing the rockfall hazards along Alagaba new road 
and suggested suitable treatments of unstable rocks to mitigate 
the road from a hazardous phenomenon. To accomplish this, it 
requires considering comprehensive geological and structural 
investigations in this study. 
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2. Materials and Methods 
In order to achieve the objectives of this study the geotechnical 
site investigation is divided into three stages: 
Stage 1: Desk study 
Recently, the techniques of remote sensing and GIS have 
represented a very important tool in such engineering geological 
problems (Gupta 2003). Low to medium resolution satellite 
images are best used for regional scale engineering projects such 
as highways, railroads, canals and pipelines. In this study 
Landsat ETM7 and sentinel-2A images were used and prepared 
at scale of 1:75000. For visual interpretation of geological units 
and determination of the main linear structural features (joints, 
faults and shears) along the new road, digital image processing 
techniques “DIP” such as band ratio, principle component 
analysis and image filtering were applied. 
 
Fig. 1. Location map of the study area "Alagaba highway" 
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Fig. 2. Digital Elevation Model shows the elevation contrast 
and general topography features 
Sultan ratio image (Sultan et al., 1986) (6/7; 6/2 and 6/5*4/5) of 
RGB system was adopted for lithological discrimination. Figure 
(3:a) illustrated  the meta-volcanics appears in red color, meta-
sediments appears in blue color, syn-orogenic intrusive display 
dark green color and superficial deposits (recent sediments) are 
distinguished by greenish yellow color. In the context of this 
work the principal component “PC5” gives very clear structural 
information which has been used for the purpose of the surface 
expression of zones of weakness such as discontinuity planes 
(fractures and joints) (Fig. 3b). In order to clearly display the 
linear structural and un natural features, directional or edge 
detection filters have been adopted in this study (Fig. 4a & 4b). 
The image emphasizes the high frequency variations and edge 
sharpening of the linear features such as: roads, field boundaries 
and geological structures which are oriented in specific 
directions (N-S, E-W, NE-SW, and SE-NW). Digital Elevation 
Model (DEM) with 90-meter resolution was also used to identify 
the variations in elevations, main streams and gullies. 
Stage 2: Site Investigation 
Field investigation, which continued for about ten days during 
March 2017, mainly aimed at collecting geological and 
geotechnical information that are controlling the rock slope 
hazards along the Alagaba road. The work was started by 
geological mapping and structural measurements of joints, faults 
and shears and their trends to identify the geological risks of rock 
slope along the new road. 
 
 
 
Fig. 3. (a) Sultan image ratio (6/7; 6/2 and 6/5*4/5) in RGB respectively, (b) Principal component “PC5” image. 
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Fig. 4. (a) Spatial filtering; N-S directional filter using bands 7, 5 and 3 in RGB, (b) NE-SW directional filter using bands 7, 6 and 4 in RGB. 
 
 
Stage 3: The Geology of Alagaba area 
Generally, the basement complex in the Red Sea Hills region 
represents the roots of the arc - assemblages, which comprises 
high grade gneisses and Meta volcano-sedimentary unit. They 
are intruded by syn, syn to late and post orogenic intrusions and 
dyke swarms that were depending on emplaced at different times 
during the tectono-magmatic (Embleton et al. 1983; Kröner et 
al. 1987; Kröner and Stern 2004). 
Based on the digital image processing, field investigation and the 
regional geology of the Red Sea Hills, the litho-stratigraphic of 
Alagaba area is characterized by green schist to low amphibolite 
facies of metavolcano-sedimentary sequences, which represent 
the most abundant litho-stratigraphic suite of study area. They 
form high rugged topography with deep narrow gorges. The rocks 
consist of meta-volcanics, meta-sediments and volcano-clastic 
tuffs.  
They are moderately sheared, folded and cut by quartz veins 
and dykes with various compositions. The metasediments are 
composed of quartz sericite schist, biotite schist and quartzite. 
The above units are intruded by variety of foliated syn to late 
orogenic and post orogenic igneous intrusions. The Syn-
orogenic intrusions are mainly composed of grano-diorites and 
quartz- diorite. Basic dykes represent the youngest intrusive 
events in the area (Abu Fatima, 1992), which are mainly 
prominent features in Sinkat area. They have specific trend in 
NE, NW, and NNE and normally are sub vertical with gentle 
dipping. The dykes are unmetamorphosed, unfoliated, which 
consist of gabbros, dolerites, basalts and andesite. They are 
classified into older and younger dykes according to the degree 
of deformation within the host rocks. Micro-granite and felsic 
dykes are the most abundant varieties of the older dykes. They 
are usually narrow, sub-vertical with dominant strike 160◦E. 
Younger dykes are mainly composed of basaltic to intermediate 
composition with E-W trend. These units are unconformably 
covered by quaternary to recent sediments (Fig.5).
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Fig. 5. Regional Geological map of Alagaba area along Khartoum-Portsudan Highway 
 
Characterizations of rock mass discontinuities 
Suitable rock masses characterizations (e.g. joint orientation, 
spacing, roughness, infilling materials, persistency, joint set, 
block size, rock hardness and degree of weathering) along the 
cut faces and block bodies were conducted along Alagaba new 
road following the International Society for Rock Mechanics 
standard (ISRM 1981). 
a. Orientation: The orientation of major joints (dip direction 
or plunge) that are set relative to an engineering structure 
that largely controls the possibility of unstable conditions or 
excessive deformations and the shape of rock mass (Fig. 4). 
b. Persistence: Generally, the extent of the discontinuity in the 
plane is classified into: very low (< 1m), low (1–3m), 
medium (3–10m), high (10–20m), and very high (> 20m). 
c. Aperture: It is the perpendicular distance between the 
adjacent rock surfaces of the discontinuity and is classified 
into: very tight (< 0.1mm), tight (0.1-0.25mm), partly open 
(0.25-0.5mm), open (0.5-2.5mm), widely open (2.5-10mm), 
very widely open (1-10cm), extremely widely open (10-
100cm), and cavernous (> 1 m). 
d. Infilling materials: The interface can be filled with 
intrusive or different weathered materials. The shear 
strength properties are often modified by the thickness and 
properties of the infilling materials. 
e. Roughness: It is an interface of two contacting joint 
surfaces that is defined either mathematically or by 
referencing to standard charts “Joint Roughness 
Coefficient” (Barton and Choubey 1977) (Fig. 5). 
According to JRC chart the discontinuity surfaces of the 
rock masses are ranging from smooth surface to very rough 
surface. 
f. Spacing and block size: It is the distance between adjacent 
discontinuity intersections using scan line technique. The 
discontinuities can be classified into: extremely close 
spacing (< 0.02m), very close spacing (0.02–0.06m), close 
spacing (0.06–0.2m), moderate spacing (0.2–0.6m), wide 
spacing (0.6–2m), very wide spacing (2–6m), and extremely 
wide spacing (> 6m). Block size depends on the spacing of 
joints and can be classified by the volumetric joint count 
(Jv.), (number of joint per m3 volume of rock mass) to: very 
large (< 1), large (1–3), medium (3–10), small (10–30), very 
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small, (> 30), and crushed rock (> 60) (Plate 4). 
g. Discontinuity joint sets: Some discontinuities may occur in 
one set, two sets, three sets and four sets. These sets may 
orient in a certain direction: vertical, sub vertical, 
horizontal, diagonal and randomly oriented. 
h. Degree of weathering: The weathering susceptibility of 
rock depends on many factors such as: mineral contents, 
permeability, cohesion, fracture spacing, water content and 
climate conditions. 
These properties were required to establish full engineering 
characterizations of slope design. However, rock discontinuity 
properties all together are controlling rock slope instability. In 
this context the target area had been divided into seven domains 
(cut faces and block bodies) for easy work as illustrated in Table 
(1) and Figure (6). In this study scan line technique was adopted, 
where a total of 874 fractures were measured along the rock 
discontinuities (Table 2). 
Table 1. Geological information of the seven domains along Alagaba new road 
Domain Lat/Long Type of rock Cut face 
(d◦/ dd◦) 
Wall length (m) Intersection 
Angle (o) 
I 18o 58’ 56.7’’N - 36 o 53’ 56.1”E Meta-sediment 75/300 40 30 
II 18o 59’ 48.1’’N - 36o 59’ 28.8’’E Meta-volcanic 65/200 20 30 
III 18o 59’ 48.1’’N - 36o 59’ 28.8’’E Meta- sediment 65/290 20 30 
IV 18o 59’ 15.3’’N - 36o 54’ 20.8’’E Meta- volcanic 60/345 10 30 
V 18o 59’ 15.3’’N - 36o 54’ 20.8’’E Meta- sediment 60/275 15 30 
VI 19o 00’ 52.5’’N - 36o 55’ 10.3’’E Meta- volcanic 50/200 20 30 
VII 19o 02’ 20.00’’N - 36o 04’ 3.5’’E Meta- volcanic 70/290 10 30 
 
Fig. 6. Landsat image of bands 7, 5 & 3 in RGB showing the location of the seven domains 
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Table 2: The characterizations of discontinuities along Alagaba new road 
Domain I II III IV V VI VII 
The average of dip & dip directions (dᵒ/ddᵒ) 
Joint Set-I 08/162 09/173 06/137 04/109 13/101 12/040 07/101 
Joint Set-II 81/154 83/163 82/179 85/120 88/160 87/177 87/097 
Joint Set-III 56/176 60/117 59/178 54/147 55/084 48/121 54/087 
The preferred orientations 
 NNE W & NNE N N & NNE N & NNE NW N & NNW 
The average of persistence (m) 
 3.7 3.9 4.3 4.9 3.3 3.5 4.2 
The average of aperture (mm) 
 2 21 5.5 15.5 1 8.5 7 
The average of joint spacing (m) 
Joint Set-I 20 43 17 35 30 25 50 
Joint Set-II 33 20 19 14 20 47 23 
Joint Set-III 42 20 34 20 26 15 21 
Hardness (Mpa) 
 47 41 74 61 53 41 68 
 
3. Results and Discussion 
The highway systems may suffer from rockfalls on a daily 
basis, but it may not be considered hazardous unless rocks 
enter the roadway (Chau et al., 2003; Chau et al., 2004). From 
field observations and data analysis different rockfalls, debris 
flows and potential rock failure were detected along the new 
road (Plate 1 & 2). 
 
Plate 1. Rock falls and debris flow(s) along Alagaba new road. 
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The three joint sets that include joint set-I “horizontal”, II 
“vertical” & III “diagonal” for each domain (7 domains), are 
displayed in Table (2) and rose diagram (Fig. 7). The average 
of persistence of the rock masses along the road for all sites 
lies in range of (3-10m) which are classified as medium 
persistence as shown in Table (2). The average perpendicular 
distance between the adjacent rock surfaces of the 
discontinuity (aperture) for all domains is ranging from open 
(0.5-2.5mm) to very widely open (1-10cm) (Table 2) (Plate. 
3). The shear strength properties are often modified by the 
thickness and properties of the infilling materials (Wyllie and 
Mah, 2004). In this study many types of infilling materials are 
recognized and they include calcite, epidote and quartz, 
gypsum, chlorite, talc, graphite and serpentine, in-active clay, 
swelling clay and cohesion less materials such as sand. Clean 
discontinuities without filling materials or coatings are also 
identified (Plate 4). According to Joint Roughness Coefficient 
“JRC” chart (e.g. Barton and Choubey 1977) the 
discontinuity surfaces of the rock masses are ranging from 
smooth surface to very rough surface. The average of joint(s) 
spacing of the rock masses along the road are shown in Table 
1. Since, the block size mainly depends on the joints spacing 
(Plate 6). In situ hardness test of rock masses were conducted 
by using Schmidt hummer “L-type” (ISRM 1985) and the 
average measurements are recorded in the Table (2). 
According to the classification of weathering scheme the rock 
masses along the new road are classified into: slightly 
weathered, moderately weathered, highly weathered and 
completely weathered (Plate 7). 
However, the absence of shoulders and catchment benches 
play against the protection of the road from reaching the rock 
falls (Plate 8). There are no obstruction, traffic signs, ditch and 
fences to protect the cars and auto-trucks from falling down 
(Plate 8). Also; many accidents were occurred due to the 
dangerous road curvatures and higher elevation (Plate. 9). 
Furthermore, the unsuitable method of excavation leads to the 
irregularity face as a result of poor blasting technique (Plate 
10). 
  
 
Plate 2. Different types of rock failures along the new road 
 
Rock from wedge failure 
Ali and Rahamt Allah/Africa Journal of Geosciences, 01 (2018), 66-80 
74  
 
Fig. 7. The orientations of joint sets along Alagaba new road, (272, 103, 94, 85, 57, 129, and 134 joints from domain-1(a) to domain-7(g) 
 
 
Plate 3. Aperture of joints, (a) open, (b) widely open, (c) very widely open, and (d) very widely open 
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Plate 4. Joint infilling materials: (a) calcite; (b) rock fragments; (c) quartz vein; (d) clean joint; (e) Clay filling. 
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Fig. 5. Joint roughness profiles and corresponding JRC values (Barton and Choubey 1977) 
 
 
Plate 5. Roughness of the joints: (a) undulating to rough, (b) planner to smooth. 
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Plate 6. The spacing of joints and block size (a) vertical joints; (b) horizontal joints 
 
Plate 7. Degree of weathering in rocks in study area: (a) slightly weathered; (b) Moderately weathered; (c) highly weathered; (d) completely 
weathered. 
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Plate 8. (a, b) the absences of benches, shoulders, obstructions, fences and traffic signs in the new road; (e) benches in the old road, (f) 
obstructions, fences and traffic signs in the old road, (g) ditch in the new road, (h) ditch in the old road. 
  
Plate 9. Dangerous curvatures of the new road along Alagaba ridge. 
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Plate 10. Different faces of slope along the new and old road: (a) New road, (b) Old road 
4. Conclusion and Recommendations 
Khartoum-Port-Sudan express road represents the main 
highway passing through eastern cities of Red Sea Hills such as 
Suakin, Bashair and Digna harbors. However, potentially 
unstable slopes present hazards and pose risks to traveling public 
transportation and infrastructure, which are observed along the 
new road in comparison with the old road. The degree and nature 
of the rock - fall hazard depends on the characteristics of the 
rock mass discontinuities. This study is aimed to assess the 
probability of rockfall hazards and suggest suitable treatments 
of unstable rocks to avoid the road’s hazardous phenomenon. 
The discontinuity properties (e.g. orientation, spacing, 
roughness, infilling materials, persistency, joint set, block size 
and degree of weathering) all together are affecting rock mass 
strength and controlling rock stability. Based on the detailed site 
investigation, this study noted that rock falls and debris flows 
represent the main natural geological hazards along the road. 
Also, the absence of the basic road design such as obstruction, 
traffic signs, ditch and fences to protect the cars and auto-trucks 
from falling are contributing to the hazardous phenomena 
(Ciarla 1986; West and Cho 2007). 
Finally, to establish full engineering characterizations of slope 
design, this study recommended support systems which are 
depending on the possible rock instability. Also, because the 
road is cutting across many Khors, it must be redesigned and 
constructed catch fences, benches and meshes especially in deep 
slope faces. 
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